Abstract. In this work we postulate, implement and evaluate modifications to the "population splitting" concept introduced by Nenes and Seinfeld (2003) for calculation of water condensation rates in droplet activation parameterizations. The "population splitting" approximation consists of dividing the population of growing droplets into two categories: those that experience significant growth after exposed to a supersaturation larger than their critical supersaturation, and those that do not grow 
Introduction
During the process of cloud formation, preexisting aerosol particles act as cloud condensation nuclei (CCN) upon which cloud droplets first form and subsequently grow. Changes in either the amount Calculation of droplet number in atmospheric models requires the computation of new droplet for-25 mation (i.e., droplet activation), which occurs at subgrid scales and its representation is computationally expensive if done explicitly using numerical parcel models. For this reason, parameterizations of the activation process have been developed. In these formulations, the fraction of atmospheric aerosol that activates into cloud droplets is determined for an air parcel that ascends with an updraft velocity, w. These activation parameterizations use a Lagrangian parcel model approach to study 30 the detailed process of water vapor condensation on the population of growing droplets. A thorough review of activation parameterizations can be found in Ghan et al. (2011) . Most of these activation schemes follow the framework proposed by the seminal work of Twomey (1959) which involves two conceptual steps. First, the availability of CCN is determined as function of supersaturation (e.g., using Köhler theory or adsorption activation theory, together with aerosol size distribution and chem-35 ical composition), and second, by approximately solving the water vapor balance in the ascending cloud parcel to determine the maximum supersaturation, s max , attained in it. After this is done, the number of activated cloud droplets, N d , is equal to the concentration of CCN with a critical supersaturation, s c , lower than s max . A number of activation parameterizations have been developed using this approach (e.g., Feingold and Heymsfield, 1992; Ghan et al., 1993; Nenes and Seinfeld, 2003;  40 Pinsky et al., 2012) , and many have been incorporated into GCM and regional models to compute aerosol indirect effects (e.g., Abdul-Razzak and Ghan, 2000; Fountoukis and Nenes, 2005; Ming et al., 2006; Shipway and Abel, 2010) .
The central problem these schemes need to address is the correct estimation of the size of the growing droplets at the time of peak supersaturation. The condensation rate of water vapor onto 45 activated droplets in the parcel is proportional to the integral diameter of the growing droplet population, and therefore it plays an important role in defining s max . This task is particularly problematic for the largest particles in the CCN population. As noted by Chuang et al. (1997) , a portion of the CCN population, those with relatively low s c are "inertially-limited" (Nenes et al., 2001 ) and their size does not equilibrate instantaneously with the ambient supersaturation. Therefore, the equilib-50 rium assumption is not adequate for computing the sizes for these particles. This limitation would likely affect particles larger than approximately 0.2 µm in diameter, therefore impacting the coarse mode as well as a sizable fraction of accumulation mode particles.
Even though coarse mode particles typically contribute a small number concentration to the CCN population, they represent an important sink for water vapor, effectively modulating the parcel s max
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(e.g., Ghan et al., 1998; Barahona et al., 2010; Morales Betancourt and Nenes, 2013) . This means that even modest increases in either the number or the hygroscopicity of these large particles can cause a significant decrease in s max , often leading to lower droplet concentrations (Morales Betancourt and Nenes, 2013) . Furthermore, because of the large contribution of accumulation mode particles to the total CCN active population, accurately accounting for the water uptake of the in-60 ertially limited portion of accumulation mode CCN, is of great importance in determining s max and
Within the parameterization framework first proposed by Nenes and Seinfeld (2003) , different approaches have been incrementally adopted to improve their ability to capture the supersaturation across a large set of conditions. Fountoukis and Nenes (2005) extended this framework to include 65 the effect of mass transfer limitations in the non-continuum regime through an effective water vapor accommodation coefficient. Kumar et al. (2009) introduced changes in the CCN spectra to allow for adsorption activation. Barahona and Nenes (2007) introduced a framework to account for the impact of entrainment and mixing in decreasing the condensation rate on the droplets to sub-adiabatic levels. The prediction of N d with Fountoukis and Nenes (2005) parameterization is typically within
70
±20% when compared to parcel model simulations for a wide range of aerosol conditions and vertical velocity, and is capable of reproducing observed cloud droplet data (Fountoukis et al., 2007; Meskhidze et al., 2005) . However, when the population of "inertially limited" CCN is large, it tends to slightly overestimate N d and s max . Barahona et al. (2010) noted this and introduced a novel way of approximating the condensation rate on the large particles to better account for their contribu-75 tion to depleting the available water vapor. This new approach corrected the overprediction issue of Fountoukis and Nenes (2005) in conditions where there is a significant presence of large CCN. As we show in the present work, the modifications by Barahona et al. (2010) nevertheless overrepresents the condensation rate on large CCN, introducing a slight underestimation of N d and s max under specific circumstances.
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In this work we introduce modifications to the "population splitting" concept regarding the computation of droplet size at activation. We first present a brief account of the concepts leading to the "population splitting" approach of Nenes and Seinfeld (2003) , and then present the proposed modifications. The augmented parameterization is evaluated by comparing computations of N d and s max and their sensitivity to aerosol properties against detailed parcel model simulations.
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General framework of activation parameterizations
The number concentration of aerosol activated into cloud droplets, N d , is the central quantity to be predicted by activation parameterizations. These parameterizations typically determine the maximum supersaturation s max developed in an ascending air parcel, and then compute N d as the subset of CCN with a critical supersaturation, s c , less than s max . The maximum supersaturation is attained when the supersaturation production due to expansion cooling is balanced by the water vapor depletion from condensation. If the parcel is ascending with a constant vertical velocity w, its su-persaturation tendency can be written as (e.g., Pruppacher and Klett, 1997) ,
where (dq l /dt) is the rate of change of liquid water mixing ratio in the parcel, q l , and α and γ are size independent, slowly varying functions of temperature, which can be considered constant during the activation process (see Appendix A). Since condensation transfers mass to the droplet population, the condensation rate in Eq. (1) can be expressed in terms of the droplet growth rate. Ignoring the effects of curvature and solutes on the equilibrium vapor pressure of the growing droplets, the condensational growth of a droplet with diameter D p is given by (Nenes and Seinfeld, 2003) ,
where G is the mass transfer coefficient of water to the droplets (Appendix A). Since q l is proportional to the total volume concentration of the droplet population, the condensation rate in Eq. (1) can be expressed in terms of D p by using the growth rate Eq. (2),
where
is the wet diameter at a time t after in-cloud ascent, of a droplet growing on an aerosol particle of dry size d p . Equation (3) indicates that the condensation rate is proportional to the integral diameter of the droplet size distribution. Using Köhler theory (e.g., Nenes and Seinfeld, 2003) or adsorption activation theory (Kumar et al., 2009) to relate the dry size of the aerosol, d p , to s c , the integral in Eq. (3) can be expressed in terms of the critical supersaturation s c . Following Nenes and Seinfeld (2003) , the integral diameter (also termed condensation integral) in s c space is defined here as,
where the first and second arguments in I(a,b), represent the lower and upper integration limits respectively. The function n(s c ) is the size distribution of aerosol particles mapped to the critical supersaruration space. Therefore, n(s c )ds c is the number of particles with a critical supersaturation between s c and s c +ds c . The maximum supersaturation can be found by setting ds/dt = 0 in Eq (1).
Using Eq. (4) and after some manipulation, the supersaturation equation at the moment of maximum supersaturation can be written as
with β = 2ρ a αw/(πρ w γG). Equation (5) 
Two assumptions, each representing asymptotic growth limits, have been often adopted to obtain an approximate expression for D p in Eq. (6). One such approximation, denoted here D
p , consists of neglecting droplet growth after activation, and that the droplet diameter at s max is given by the critical wet diameter D pc , i.e., D Ghan et al., 1993) . Using Köhler theory,
Although adequate for the smallest CCN, Eq. (7) overestimates the wet diameter when applied to the largest particles in the CCN population. Due to their size, droplets growing on aerosol particles with a dry diameter larger than ∼ 0.2µm cannot grow in equilibrium with the ambient supersaturation (Chuang et al., 1997) . As a consequence of this "inertial limitation" (Nenes et al., 2001 ), these droplets fall far behind their equilibrium diameter as the parcel supersaturation increases, and 100 therefore application of Eq. (7) leads to a large overestimation of their size. This in turn leads to overestimating the condensation rate, biasing s max and N d low (Ghan et al., 1993) .
Another approximation for D p in Eq. (6), which we will denote here as D (2) p , first introduced by Twomey (1959) , considers that particle growth after exposure to their critical supersaturation is the main contributor to particle size. This approach, effectively neglects the initial size of the particles when exposed to s c , D p (τ sc ), and considers only the contribution of the growth term in Eq. (6).
Twomey ( Nenes and Seinfeld (2003) further built on the above concepts and sought to establish specific criteria for splitting the population of CCN between particles for which the equilibrium assumption,
p , was adequate, and those for which the droplet growth contributed more significantly to particle size, i.e., D p = D (2) p . To partition the CCN population between these regimes, Nenes and Seinfeld (2003) determined the values of s c for which the critical wet diameter D pc was equal to the growth term after activation, effectively establishing the boundaries between regimes. Solving the resulting equation, i.e., D
p for s c , two roots were found to satisfy the equality,
where ξ c = (16A 2 αw/9G) 1/4 . These roots define two different regions in s c space ( Fig. 1) , one for which the growth term is larger than the critical diameter (D
p ), and one for which D pc is larger than the growth term (D (2) p , it is well known that in actuality they are generally not capable of growing at equilibrium, so their size at s max is much smaller than their D pc .
Using these arguments, the large CCN particles were merged together into population II by using approximation D (2) p for all particles with s c < s (Fig. 1a) .
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The approach was completed by defining an empirically derived s p for the regime where s max < ξ c (and Eq. (10) admits only imaginary solutions), this is:
The population splitting formulation has been shown to have great skill in capturing the behavior of s max under a large set of aerosol and updraft inputs. The Fountoukis and Nenes (2005) parameterization (FN hereafter) which is based on the framework described above has also been capable of reproducing observed cloud droplet concentrations (e.g., Meskhidze et al., 2005; Fountoukis et al., 2007) . 
Correction for inertially-limited CCN
Based on detailed numerical simulations of the activation process, Barahona et al. (2010) noted that when the activation process occurs in situations of weak updrafts, and the aerosol contains a significant number of large CCN, the FN parameterization exhibited a tendency to overestimate A simple correction term for these "inertially limited" droplets was introduced by Barahona et al. (2010) . As the timescale for large soluble particles (whose equilibrium supersaturation follows the Köhler Eq. A4) to grow to D pc is many times larger than the timescale of cloud formation, and 150 therefore this size is not reached by the inertially limited CCN, it was proposed that the condensation rate on this population could be estimated by approximating their size at s max with their equilibrium diameter at s = 0, D p0 . Using Köhler theory, it can be shown that the equilibrium wet diameter of a particle when exposed to 100% relative humidity is equal to D pc / √ 3 (Barahona et al., 2010) . This third approach to the diameter of the growing droplets is denoted here by D
p . The correction term
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proposed by Barahona et al. (2010) , consisted then in adding D
p and D
p concurrently to estimate the size at s max . This approximation was applied to all the particles with s c < s + p , i.e., to all the population II particles depicted in Figure 1a .
In this work we show that the approach of Barahona et al. (2010) inadvertently overestimates the size for the population II particles. Equation (6) for D p involves the square root of the sum of the 160 growth term and the initial size, therefore directly adding both terms results in an overestimation bias for D p , and a corresponding overestimation of the contribution of this population to the condensation rate. Therefore, it is necessary to revise the population splitting concept to consistently combine the contributions from all CCN to the condensation rate.
Up until now our discussion has relied on the assumption that particles activate in accordance with
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Köhler theory. However, insoluble particles, such as uncoated mineral dust and volcanic ash, for which activation follows the adsorption activation theory (Sorjamaa and Laaksonen, 2007; Kumar et al., 2009; Lathem et al., 2011) , tend to uptake considerably less water before activation than Köhler particles. As shown by Kumar et al. (2009) , the ratio between the critical wet diameter D pc and the dry aerosol diameter d p for insoluble particles is less than two for most conditions,
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and this ratio is only weakly dependent on the size of the dry particle (see Appendix A). For this reason, insoluble particles that activate via adsorption activation are typically capable of growing at equilibrium with the ambient supersaturation, reaching their D pc , and the mechanisms of kinetic limitations are different than those outlined in Barahona et al. (2010) . Furthermore, the behavior of insoluble particles as explored by Kumar et al. (2009) considers that independently of their size, all 175 insoluble particles are capable of reaching D pc , and the contribution from growth dominates at all particles sizes, which implies that the population splitting concept is not necessary for these particles.
For these reasons, the revision of the population splitting concept is limited to particles activating in accordance with Köhler theory.
The "population splitting" concept revisited
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We aim to improve two main aspects of the parameterization framework of Nenes and Seinfeld (2003) and Barahona et al. (2010) . First, to better account for the size of inertially limited CCN, so their contribution to supersaturation depletion can be quantified correctly. The second goal is to avoid the discontinuity in s equal to 1/ √ 2. This implies a discontinuity in the calculation of the surface area of droplets, which in turn, creates a discontinuity in the parameterization response in scenarios where s max shifts from the s max < ξ c regime, to the s max > ξ c .
The first goal is attained by recognizing, as Barahona et al. (2010) , that neither D
p or D
p are appropriate approximations for the size of the largest CCN particles. However, instead of merging all CCN with s c < s + p in the same population (Population II in Fig. 1a) we consider that only the largest particles, those with s c < s − p , should be approximated as in Barahona et al. (2010) (Fig. 1b) . Similarly, and to maintain consistency and avoid overestimation of the water uptake, D p for CCN with s 
and the integral I(0,s max ) is naturally split in the different contributions:
The computation of Eq. (13) 
which maintains the same empirically-derived dependence on s max , but solves the discontinuity issue in the original framework of Nenes and Seinfeld (2003) . From this expression, the vanishing of the term I(s 
Numerical implementation
The modifications proposed here can be implemented in the existing Barahona et al. (2010) framework without the need of any major changes. Using the functions I 1 (0,s p ) and I 2 (s p ,s max ) whose formulas are given in Nenes and Seinfeld (2003) for sectional, and in Fountoukis and Nenes (2005) for lognormal aerosol size distribution (see Appendix B), I(0,s max ) is simply given by the following expression,
which can be implemented with minimal adjustments to codes that use the original population splitting concept. This expression can be extended to the formulation of Barahona and Nenes (2007) that includes the effects of entrainment and mixing in the supersaturation development. If subsaturated air entrains the air parcel at a fractional entrainment rate µ, the condensation rate onto the droplets is reduced, and Eq. (5) transforms to
where µ c is the "critical entrainment rate" defined in Barahona and Nenes (2007) as the entrainment rate that prevents the cloud parcel to generate water vapor supersaturation, and is given by
where RH is the relative humidity of the entrained air, and ∆T = T − T ′ is the difference between the parcel and entrained air temperatures.
Results
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In this section we present the results of an evaluation of the parameterization performance against 
Aerosol and updraft velocity fields
The augmented parameterization presented in this work was tested against computations of N d and s max from a detailed numerical parcel model of the condensational growth of droplets (Nenes et al., 2001 ). In order to explore the parameterization in the conditions typically encountered in a GCM simulation, we employed off-line annual average aerosol fields and cloud-scale vertical velocity from a climatological simulation performed by Morales Betancourt and Nenes (2013) The coarse mode includes sulfate, sea salt, and dust. The gridcell average cloud-scale vertical velocity, w, was used as input for the simulations. The CAM aerosol fields are described in detail by Liu et al. (2012) . The ranges over which the parameters of the test aerosol fields are explored in this 225 work are reported in Table 1 .
Cloud parcel model configuration
A numerical solution to the equations describing the condensational growth of a population of droplets was performed with a numerical cloud parcel model. The details of the model can be found elsewhere (e.g., Nenes et al., 2001 ), but we include here a description of the configuration used in this work. The modeling framework is that of an adiabatic Lagrangian air parcel moving vertically with a constant updraft velocity w. The state of the air parcel is described by its temperature T , pressure p, and the mixing ratios of liquid water and water vapor, q l and q v , respectively.
The droplet population is separated into size bins, with the center diameter of each bin allowed to grow or shrink as the condensation or evaporation process proceeds. The water mixing ratio q l is expressed as
where N i is the number of droplets in the size category i, and D pi is the size of the droplets in size category i at time t. The mass transfer from the vapor to the droplets is explicitly calculated using the droplet growth equation. In this application, 35 logarithmically spaced size bins were employed for 230 each lognormal mode, totaling 105 size bins. The binning method ensures that 99.5% of the particles in each lognormal mode are accounted for in the simulation. As initial condition it was assumed that the wet aerosol particles were at equilibrium with a 90% ambient relative humidity. In order to be consistent with the approach taken in the parameterization, a droplet is considered to be activated if their critical superasturation s c is lower than the maximum supersaturation s max . Overall, the parcel 235 model solves equations for the droplet size for each size bin, D pi , temperature T , pressure p, and supersaturation s. The updraft velocity w was assumed constant in these integrations.
Parameterization evaluation
As shown by Morales Betancourt and Nenes (2013) , the first-order derivatives of the parameterized The results show a significant improvement in the accuracy and precision of the parameterized N d and s max values, without any appreciable increase in the computational cost. Table 2 summarize the results of the performance evaluation for the various parameterizations considered here. (Table 2) .
A summary of the mean relative errors of the sensitivities ∂N d /∂χ j for the Barahona et al. (2010) and for the parameterization presented in this work are shown in Fig. 4 . The modifications introduced 265 here result in a higher sensitivity to aerosol number concentration when compared to BN for the 3 modes considered. Figure 4a suggests that most of the improvement in the ability to predict 
Summary and conclusions
280
The "population splitting" concept of Nenes and Seinfeld (2003) and Barahona et al. (2010) 
Appendix A Notation
The functions α and γ from Eq. (1) are given by,
and,
where T is the temperature of the air parcel, e s is the saturation vapor pressure, g is the gravitational constant, L v is the latent heat of vaporization of water, c p is the heat capacity of air, R, the universal 300 gas constant, and M a and M w are the molecular weights of air and air respectively.
The function G in the droplet growth equation is given by,
where ρ a and ρ w are the density of air and water respectively, D v is the water vapor diffusivity, and k a is the thermal conductivity of air. The equation describing the equilibrium supersaturation over the surface of a water droplet containing a solute is given by the Köhler equation,
where κ is the hygroscopicity parameter (Petters and Kreidenweis, 2007) , and the coefficient A is The conceptual approach for all the parameterization discussed here involve the same steps and require an iterative solution of Eq. (5). Fundamental to the computation of N d is to determine the number of particles that would activate as a function of supersaturation, N CCN , and is represented by a cumulative CCN spectrum F (s). In the case were the aerosol size distribution is described by n m lognormal modes F (s) is given by,
where erfc(x) = 1 − erf(x) is the complement error function, n m is the number of modes in the aerosol size distribution, and n ai is the number concentration corresponding to mode i. The function u i is given by,
where s gi is the critical supersaturation corresponding to the geometric mean diameter d gi of the mode.
The conceptual steps in the solution are as follows:
1. Guess an initial value for s max . 
where for lognormal aerosol, +31% ± 25% +7.8% ± 9.7% +8.7% ± 30.2% Barahona et al. (2010) BN −24% ± 7% −10% ± 7.8% −19.5% ± 17.6% This work −6.0% ± 6.2% −2.7% ± 4.8% −9.3% ± 12.1% Table 1. 
